Abstract-In Hayes's (1993) and Williams's (1996) analyses, the photodiode nonlinearity is attributed to the space charge screening effect. In this paper, the third-order intermodulation distortions of a high frequency, large optical cavity p-i-n waveguide photodiode are characterized up to 18 GHz using a two-tone measurement. At high bias voltage, the third-order intercept point (IP3) of the waveguide photodiode is constant at low frequency and 3 at high frequency. This closely agrees with our model, which is based upon variation of the photodiode impedance. The measured IP3 of the same device at low bias voltages indicates the contribution of space charge screening under low bias voltage or severe saturation.
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I
N analog fiber-optic links, the linearity of the photodiode is critical in the dynamic range consideration of the link. For single-octave applications, the two-tone third-order intermodulation distortions (IMD3) attract particular attention as their frequencies are close to the fundamental signals. While a high IP3 is essential for large spurious-free dynamic range (SFDR), the frequency dependence of IP3 is an important feature in the design of frequency agile links.
Presently, there are two models that describe the frequency behavior of photodiode harmonic distortions. In [1] , [2] , harmonic distortions of the p-i-n photodiode were modeled with nonuniform transit velocity of carriers in the low electric field region caused by the photogenerated space charge screening. In [3] , we showed that the harmonic distortion levels of unsaturated p-i-n waveguide photodiode could be related to the variation of the microwave impedance of the photodiode under illumination with the diode treated as a part of the closed loop detection circuit. In this model, nonlinear distortions were calculated using an equivalent circuit with the impedance extracted from the photodiode's microwave reflection coefficient . The junction capacitance variation was used to estimate the harmonic distortions before severe saturation occurs.
In principle, the intermodulation distortions can be estimated from the harmonic distortions in both models. However, due to the intrinsic frequency dependence of the photodiode, it can be inaccurate, especially at high frequency, to infer the two-tone intermodulation distortions from the one-tone harmonic distor- tions. In this work, a two-tone setup employing two lasers and two modulators is used to characterize the IMD3 of a high performance, large optical cavity InGaAs-InP waveguide photodiode. Our setup is an extension of the Ozeki's direct modulation scheme [4] . At high bias, we extend the analysis in [3] and compare the IP3's predicted from the nonlinear impedance model with those measured directly. Our measurement results confirm the conditions for the nonlinear impedance model and the nonuniform transit velocity model to be applicable.
The large optical cavity waveguide p-i-n photodiode used in this experiment consists of an undoped, 0.12-m-thick InGaAs absorption layer sandwiched between two 1.2-m-thick InGaAsP ( m) layers, followed by 0.4-m-thick InP cladding layers. The topmost layer is a 0.05-m-thick p -InGaAs. After epitaxy, a 4-m-wide waveguide is etched via wet chemical etching. A goldplated air bridge is used to connect the top of the mesa to a coplanar waveguide transmission line on the semi-insulating InP substrate [6] . For AR-coated devices, the coupling efficiency of the waveguide to a tapered fiber with a 3.5-m spot size is estimated [using the beam propagation method (BPM)] at 90% and is polarization insensitive, while the optical confinement factor of the absorption layer is 10%. The small is for reducing the optical saturation at the front end of the photodiode. A portion m of the InGaAsP layers next to the absorption layer is undoped, and the total intrinsic region thickness is 0.45 m. For the uncoated device that has a 55-m long waveguide, we measure a 3-dBe bandwidth of 35 GHz and a small signal RF responsivity of 0.53 A/W (using HP8703 optical network analyzer) at 20 GHz (and 0.62 A/W at DC).
To characterize the responsivity at different illuminations, the microwave output power of the photodiode is measured as the average incident optical power is varied. A 100% modulated optical signal is generated by the optical heterodyne method using two temperature-tuned, 1.32-m wavelength Nd:YAG lasers with similar optical power and polarization. The microwave power detected by the photodiode increases linearly in the log-log scale (with a slope of 2) with the total optical power, until compression occurs. At 20 GHz, the microwave 1-dB compression point of this device is measured at 6.2 mA of dc photocurrent and at dBm of microwave output power that includes the microwave loss of the cable and the probe.
For the IP3 measurement, we use the two-tone setup depicted in the photodiode. Polarization rotators A and B are used before the modulators to maximize the modulation efficiency. This is similar in concept to the setup in [4] . In our approach, by biasing the MZM at the quadrature point to minimize the second-harmonic distortions (HD2), the second-order intermodulation distortions at and , arising from the second harmonic of one tone and the fundamental of the other tone, can be minimized. Therefore, the IMD3 at the photodiode can be more accurately measured. This, together with appropriate microwave isolators and bandpass filters between the microwave synthesizers and the modulators, results in a larger than 50 dBc suppression of the HD2. The extra spurious signals due to the beating of the two free running Nd:YAG lasers can be minimized by rotating the polarization rotator C so that the beams become orthogonally polarized. A spectrum analyzer is used to measure the fundamental and the IMD3 signals at the photodiode output at different input microwave powers. Fig. 2 shows two sets of measurement results with and set at 1 and 1.04 GHz, and 18.00 and 18.04 GHz, respectively, at V bias. The output-referenced IP3 is extrapolated from the fundamental and the IMD3. The of the photodiode at different optical power levels is measured from 200 MHz to 20 GHz at the source power setting of dBm [6] . The equivalent circuit model for the p-i-n photodiode is shown in Fig. 3 [3] . The junction capacitance and resistance of the waveguide photodiode at different photocurrents are extracted from the data and are listed in Table I for and V biases, respectively. The series resistance and the parasitic capacitance are found to be 22 and 0.035 pF, respectively, for all photocurrent and bias levels. We have extended the equivalent circuit model of p-i-n photodiode in [4] to calculate the IP3 using the extracted impedances. The voltage across the current source (from which we obtain the voltage across the load) is calculated from [7] (1) where represents the two RF current sources, is the equivalent impedance of , and the load resistance . For simplicity, we take the small signal, linear approximation, where is taken to increase linearly with the input optical power, and is the optical power-dependent differential capacitance. Likewise, decreases linearly with the optical power and is the optical power-dependent differential resistance. The increase of junction capacitance can be explained by an increase in the electric polarization due to the photogenerated electron hole pairs, whose density depends on the net electric field and optical illumination [8] . and are the respective capacitance and resistance of the junction at a given dc photocurrent. If , the junction conductance can be approximated as (2) Using the Harmonic Balance Method (HBM), can be expanded as (3) Fig. 4 . IP3 of the waveguide photodiode at different biases as a function of frequency. Solid curves represent prediction from nonlinear impedance and S analysis, and ; , and are from direct measurement at 2.2 mA photocurrent.
Inserting (3) into (1) and using the orthogonality property of sine and cosine functions, we obtain a set of linear equations for and . In this way, fundamental signal at and IMD3 at can be expressed as a function of the circuit parameters, from which IP3 can be obtained. The equivalent circuit parameters of the photodiode are extracted from measurements at each optical level.
The solid curves in Fig. 4 depict the IP3 frequency behavior predicted from the nonlinear impedance model at 2 mA of photocurrent. The variation of IP3 can be qualitatively understood as follows. In the measured frequency range, both the variations of the junction capacitance and resistance contribute to the IMD3 via the overall junction impedance variation. The portion of the IMD3 caused by the variation is frequency independent, and this portion dominates at low frequency. As frequency increases, the IMD3 generated by the variation gradually prevails because the admittance of the capacitor goes like . In the above analysis, we found that and are dominated by contribution and both go like . Therefore, at high frequency. As mentioned, IP3 also has contribution from the nonuniform transit velocity effect due to photogenerated carriers [1] , [2] . Hayes et al. concluded that the amplitude of IMD3 is proportional to the at a certain fixed bias and dc photocurrent [1] . Therefore, IP3 would go like at higher frequency when the nonuniform transit velocity effect is dominant.
With the two-tone setup in Fig. 1 , the IP3's of the same device are measured at V, V, and V bias and at a photocurrent of 2.2 mA. They are also plotted (as and ) in Fig. 4 . The low bias case corresponds to the situation of severe saturation, even at moderate optical power. is set at 1, 8, 12, and 18 GHz, respectively, while is set at MHz. At -V bias, the measured IP3's are within a few dB of the solid curve and are within the accuracy of and . The same IP3 frequency behavior, as discussed above, is observed in the two-tone measurement, suggesting the dominance of nonlinear impedance effect at this bias. At V, the frequency dependence of IP3 deviates from the solid curve. From 8 to 18 GHz, the measured IP3 . The IMD3 caused by nonuniform velocity effect dominates here because the applied electric field kV/cm approaches the threshold electric field kV/cm for space charge pile-up [2] . At V, both effects contribute to the nonlinear distortion in the photodiode.
From the measured IP3, the SFDR of the shot-noise limited fiber optic link (detector limited) with the photodiode biased at V is estimated at 120 dB/Hz at 1 GHz, and 112 dB/Hz at 18 GHz, at 2.2 mA photocurrent. This photodiode can be useful in analog links with linearized modulator [9] or at high photocurrent [10] .
In summary, we have demonstrated that at high voltage, the nonlinear impedance model provides a good fitting to the IP3 of the waveguide photodiode and explains its frequency dependence. The IP3 measurement of the photodiode at low bias voltage is consistent with that expected of the nonuniform transit velocity effect at low electric field or under severe optical saturation. In this work, we have also characterized a large optical cavity waveguide p-i-n photodiode that has a 3-dBe bandwidth of 35 GHz, a small signal RF-responsivity of 0.53 A/W at 20 GHz, and a 1-dB compression point of 6.2 mA (with 100% modulation) at 20 GHz.
